Development of an air flow sensor for heating, ventilating, and air conditioning systems based on printed circuit board technology  by Glatzl, Thomas et al.
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This  work  presents  a novel  air ﬂow  sensor  for measuring  ﬂow  velocities  in  heating,  ventilating,  and  air
conditioning  systems.  The  transducer  relies  on  printed  circuit  board  technology  allowing  the  fabrication
of robust,  design  ﬂexible,  and  cost-effective  devices.  Due  to  the  interaction  with  the streaming  ﬂuid,  the
transducer  generates  an  electrically  measurable  signal  for determination  of  the total  ﬂow of  the  ﬂuid.  The
measurement  principle  is based  on  a modiﬁed  calorimetric  principle  where  the  heater  is excited  through
a DC  current  and  the sensing  resistors  are  excited  through  a sine.  Guided  by  extensive  numerical  simula-eywords:
hermal ﬂow sensor
rinted circuit board
alorimetric principle
eating
entilating
ir conditioning systems
tions,  a series  of  electrically  transducer  designs  were  investigated,  optimized,  and  fabricated.  Afterwards,
these  samples  were  characterized  and  compared  to simulation  results.
© 2015  The  Authors.  Published  by  Elsevier  B.V.  This  is  an  open  access  article  under the  CC  BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).. Introduction
The supply of today’s urban agglomerations would not be
ossible without modern energy management technologies. Big
esidential and commercial buildings demand for considerable
nergy supplies. About 35% of the end energy is consumed here, by
o-called heating, ventilating, and air conditioning (HVAC) systems.
wo thirds of this amount are imputable to private living space and
ne third is attributed to service buildings [1]. In the private sector,
igniﬁcant improvements have been made to reduce the overall
nergy consumption. On the contrary, there are serious concerns
bout the absence of such an adequate progress in the service sec-
or. Analyses have shown that up to 40% of the energy demand can
e saved by optimizing the air ventilation and conditioning sys-
ems [1]. To improve this suboptimal status the installation of a
ufﬁciently large number of sensors and actuators is required to
btain a detailed picture of the actual state of the HVAC system.
ence, sensing numerous parameters is a precondition for opti-
ized building automation and enable environmental monitoring.
he new system will also be valuable in other applications like
nvironmental monitoring.
∗ Corresponding author.
E-mail address: thomas.glatzl@donau-uni.ac.at (T. Glatzl).
ttp://dx.doi.org/10.1016/j.sna.2015.11.016
924-4247/© 2015 The Authors. Published by Elsevier B.V. This is an open access article unWhen it is not required to achieve the highest sensing accuracy,
but to get robust, design ﬂexible and in layout, and cost-effective
sensors, manufacturing technologies are needed that are suited
for mass production based on polymers. Moreover, the fabrication
should only consist of few and inexpensive process steps to keep
the total costs of the system affordable. Printed circuit board (PCB)
is such a technology for high-volume production which is used in
the consumer electronics market and has also applications in the
medical, aerospace and industrial area. Therefore, it is not surpris-
ing that this technology has become interesting for the production
of various types of sensors [2–7].
Each PCB is custom-designed for the circuit it carries and the
design has a strong effect on the mechanical and electrical per-
formance. The material properties are given by the chosen type
of board, its way  of laminating and the interconnections between
the conductive layer. The board layers consist of a conductive lami-
nate material and an insulating dielectric substrate. The conductive
material is a commonly copper foil. It is adhesively bonded under
heat and pressure to the substrate. The most common substrates
are phenolic paper (synthetic resin bonded paper) and glass rein-
forced epoxy (FR4) [8]. The fabrication of a ﬂow sensor with this
PCB technology ﬁts the requirements of a thermal micromachined
ﬂow sensor, such as: sufﬁciently large temperature coefﬁcient of
the active material, and thermally insulating substrate.
Micromachined ﬂow sensors have a large number of applica-
tions. They are used to measure wind, wall shear stress, viscosity,
der the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Fig. 1. Schematic for the transducer layout of the proof of concept: The length of the
meander is 50 mm and the overall thickness is around 120 m (100 m substrate
and 20 m copper and solder resist). Heating leads are red, the sensing leads are
blue and purple (RO: right outer, RI: right inner, LO: left outer, LI: left inner resistor),
the  solder resist is green and the substrate is yellow. At the left and right end of
the transducer are connection pads for soldering/bonding. (For interpretation of
reference to color in this ﬁgure legend, the reader is referred to the web version of
this article.)
Fig. 2. Schematic of the second transducer layout: Heating leads are red, the sensing
leads are blue and purple (RO: right outer, RI: right inner, LO: left outer, LI: left inner
resistor), the solder resist is green and the substrate is yellow. The soldering/bonding
increased substrate width (8.86 mm)  from the outer copper leads
to the edge of the transducer. Table 1 summarizes all this varieties
and gives an overview.
Table 1
Differences of the produced designs of the ﬁrst prototype transducer to compare
the varied parameter individually.
Design
number
Gap between
the leads (m)
Holes
diameter
(m)
Holes
distance
(m)
Substrate
width to the
edge (mm)
I 100 None None 0.2 T. Glatzl et al. / Sensors a
onitor gas in gas chromatography, and ﬂuid ﬂow in ﬂow cytom-
try [9–20]. Flow sensors can be classiﬁed either as thermal or
on-thermal. The thermal designs seem to be most promising for
ow-cost devices because of the lack of moving parts or com-
lex transducers. Micromachined thermal ﬂow sensors can be
ubclassiﬁed regarding the basic principal in: thermoresistive, ter-
ocapacitive, thermoelectric, thermoelectronic, pyroelectric, and
requency analog sensors [21]. The temperature dependence of the
ielectric constant of a number of materials allows the realiza-
ion of temperature sensors based on the thermocapacitive effect.
he thermoelectric effect (Seebeck effect) can also be applied to
easuring temperature differences. The thermoelectric effect is
ased on the temperature dependence of the pn-junction char-
cteristics of diodes or bipolar transistors. The sensing concept
f frequency analog sensors utilizes the temperature dependence
f the oscillating behavior of mechanical elements such as can-
ilevers and membranes. Thermoresistive sensors [22] exploit the
pproximately linear relation between the electrical resistance of
 material and the temperature.
There are two basic concepts of thermoresistive sensors based
n hot-wire or hot-ﬁlm conversion and calorimetric ﬂow trans-
uction. The ﬁrst ones operate by heat transfer from a heated
lement to the surrounding ﬂuid. This method needs one resistor
hich acts as heater and transducer at the same time, and, in some
ases, a second resistor as sensor for the ambient temperature.
hese technology is known to be very sensitive regarding the ﬂow
elocity [23]. However, several drawbacks are the fragile design
nd the relatively expensive technology. To compensate this draw-
acks, attempts with thin ﬂexible PCB carriers [6,24] and thin-ﬁlm
echnology on ﬂexible PCB substrates [25,26] were made. On the
ontrary, the calorimetric principle requires additional tempera-
ure sensors up- and downstream of the heater. The work presented
n this paper employs a modiﬁed version of the calorimetric oper-
tion. The sensor is based on standard ﬂexible PCB technology only
nd is optimized for the use in HVAC systems [27]. Previous works
stablished the concept of such PCB thermal sensors and discussed
dvantages and disadvantages [28,29].
. Transducer layout
The calorimetric transducer is based on ﬂexible PCB substrate
FR4 glass epoxy) with a thickness of 100 m and the layout
s designed to build up a calorimetric transducer. The laminate
aterial is copper with a nominal thickness of 18 m which was
hemically etched to the ﬁnal thickness of 9 m.  Cooper exhibits
 temperature coefﬁcient of resistivity of 3930 ppm/K. The effec-
ive transducer length (meander length of the copper leads) is
ariable and depends on the diameter of the duct. In a previous
roof-of-concept (Fig. 1) there were one heating element in the
iddle, and four sensing (resistor) elements, two upstream and two
ownstream of the heater [29,28,27]. This setup allows to form a
heatstone bridge for the readout in order to increase the sensi-
ivity.
Fig. 2 depicts the ﬁrst transducer prototype where several
mprovements are implemented. The heater bond pads were both
n the side of the sensing elements terminals for better intercon-
ectivity. The heater bond pads were separated from the resistor
ads in the ﬁrst place to minimize the heating effect outside
he ﬂow test channel. However, preliminary works have reveled
hat this inﬂuence is negligible and, hence, all connections were
ocated on the same side. After measurements regarding the sol-
ering inﬂuence (Section 3.3) the bond pads were replaced by
ontact areas for a female connector (Fig. 2). This plug simpliﬁes
he handling of the transducer for various tests and measure-
ents. Additionally, the connection area holds holes for screws andpads are replaced by an area for the plug with holes for alignment pins and screws.
(For  interpretation of reference to color in this ﬁgure legend, the reader is referred
to  the web version of this article.)
alignment pins to ﬁx the transducer exactly with the plug. Thereby,
a reliable low resistance connection can be established and short
circuits are avoided.
There are different designs for the ﬁrst transducer prototype.
Design I is the normal design without any modiﬁcation. The sec-
ond one does have an increased gap (between all copper meander)
of 300 m which slightly increases the output voltage of the sensor
because of a higher thermal resistance in the substrate. The reduced
heat transfer through the membrane leads to a higher tempera-
ture difference between the sensing leads and, therefore, to a larger
resistance change. The third design features an increased gap width
of 100 m and holes between the meander (100 m diameter and
100 m spacing). The holes reduce the heat transfer through the
PCB and increase the output voltage. Design IV is nearly the same
as design III except the spacing between the drill holes is 300 m.
The last one, design V, is identical with design III but does have anII  300 None None 0.2
III  300 100 100 0.2
IV  300 100 300 0.2
V  300 100 100 8.86
T. Glatzl et al. / Sensors and Actuators A 237 (2016) 1–8 3
Fig. 3. Transient 2D FEM simulation: Color coded temperature distribution of the
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rom the left hand side and the temperature ranges from 293 K (blue) to 301 K (red).
For interpretation of reference to color in this ﬁgure legend, the reader is referred
o  the web version of this article.)
. Experimental procedure
.1. Simulation
Transient 2D ﬁnite element model simulations are carried out
n order to predict the behavior of the transducer and optimize the
ayout. The conjugated heat module of Comsol Multiphysics is uti-
ized, since it couples the required heat transfer and ﬂuid dynamic
omain. The cross-section of the transducer is modeled in a ﬂow
hannel, where a constant ﬂuid ﬂow (air) is applied from the left
and side (Fig. 3). This ﬂow follows a parabolic proﬁle, taking into
ccount the non-slip condition at the upper and lower boundaries.
he temperature of the outer boundaries are set to T = 293 K. The
hysical material parameters used in the simulations are the values
or the individual bulk materials. The power of the heating element
s scaled with a smoothed Heaviside function that introduces a
ump in the heating power from zero to Q0 = 100 mW after 5 ms  and
nds at 15 ms.  Results of the simulation are presented in Section 4.1.
.2. Measurement setup
A ﬂow channel (pipe) was constructed to characterize the trans-
ucer at well deﬁned ﬂow velocities (Fig. 4). The pipe consists of a
crylicglass-tube with a total length of 82 cm and an inner diameter
f 5 cm.  The transducer was stretched across the pipe via a slot to
inimize mechanical oscillations. A double vane fan (AVC, 12 V DC)
as located at the end of the ﬂow channel and establishes a con-
tant ﬂow by suction. The fan was powered at different electrical
urrents, varying from 50 mA  to 300 mA.  The corresponding ﬂow
elocities were measured with an industrial Anemometer (Testo
35, hot wire probe) and exhibits an approximately linear behavior
ill the saturation current of the fan is reached (Fig. 5).
The Reynolds number for a duct or pipe can be expressed as
e =  · u · L

, (1)
ig. 4. Picture of the lock-in measurement set up to characterize the transducer.
he transducer was  placed in the middle of the ﬂow channel and was  supplied with
 constant current as well as with a AC sinus signal from a waveform generator. An
ir  ﬂow was induced with a fan and the bridge voltage was  measured with a lock-in
mpliﬁer.Fig. 5. Conversion from controlled fan current to ﬂow velocity in the ﬂow pipe after
the  collimators were installed. The fan starts to rotate at 50 mA (0 m/s) and reaches
its saturation at 300 mA (3.4 m/s).
where  is the density, u the mean velocity based on the actual
cross section area of the duct or pipe, L the characteristic length,
e.g., the diameter of a tube, and  the dynamic viscosity. The char-
acteristic length is 0.05 m,  the dynamic viscosity of air at 20 ◦C is
19.83 Pa s and the density of air at 20 ◦C is 1.205 kg/m3. Up to a
Reynolds number of Re = 2300 the ﬂow in the pipe is laminar. For
Re > 4000 the ﬂow enters a turbulent regime. Accordingly to Eq.
(1), the threshold velocity where the laminar ﬂow regime ends is
0.757 m/s. To reduce turbulences in the pipe, ﬂow collimators were
inserted before and after the location of the sensor. The collimators
have a diameter of 5 mm which decreases the Reynolds number by
a factor of 10 and, therefore, the threshold velocity increases up to
7.57 m/s. Hence, it can be assumed that the ﬂow is laminar over the
whole measurement range from 0.5 up to 3.5 m/s.
3.3. Resistance measurements
3.3.1. Equipment
The measurement equipment was  evaluated regarding its effec-
tive sensitivity for low resistance measurements. A 12  precision
resistor was measured repeatedly over 10 min (every 0.1 s one mea-
suring point) with a four wire technique and four multimeters
(Keithley 195a,Keithley 2000, Picotest M3500A, GWInstek GDM-
8261A). From these data, standard deviations and mean values
were calculated to identify differences between the multimeters
(Table 2). These instruments are on for the quantiﬁcation of the
single resistor stripes needed later.
3.3.2. Contact resistance
This measurement focused on the inﬂuence of the solder contact
resistance of the sensing leads using the proof-of-concept trans-
ducer (Fig. 1, [27,29,28]). The same leads were soldered on and off
multiple times and measured repeatedly. At an ohmic resistance of
1.55 ,  the largest deviation was 7.8 m.  Subsequently, a heating
up (heating power of 100 mW  temperature change of 13 K) and
cooling down cycle of the PCB trace was  carried out and the ohmic
Table 2
Results of the measurement of a precision resistor obtained by four different mul-
timeter. In the table there is the mean value of the resistor, its absolute standard
deviation and its percentage standard deviation from each multimeter.
Name of the instrument Mean () Std () Std (%)
Keithley 195a 12.0322 0.0005 0.0040
Keithley 2000 12.0195 0.0017 0.0141
Picotest M3500A 12.0236 0.0009 0.0079
GWInstek GDM-8261A 12.0245 0.0008 0.0065
4 T. Glatzl et al. / Sensors and Act
Table  3
Differences between the soldered and the plugged connection. Ten measurements
for  each copper lead were carried out and then the mean value and standard devia-
tion were calculated to compare the different designs (RO: right outer, RI: right inner,
LO: left outer, LI: left inner resistor). The values for the different resistor stripes differ
due to the manufacturing process.
Soldered Mean ()  Std () Plugged Mean () Std ()
Heater 7.0931 0.0049 Heater 7.1807 0.0027
RO  4.0536 0.0027 RO 4.1471 0.0015
RI  3.9291 0.0032 RI 4.0018 0.0032
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First, the resistance of the copper leads (heating and sensing)
has been measured separately to determine the reproducibilityLO  4.0195 0.0022 LO 4.0936 0.0020
LI  4.2586 0.0031 LI 4.3782 0.0035
esistance was quantiﬁed again with the largest deviation raised
o 9.7 m.  Hence, it can be assumed that the resistivity differences
ue to soldering are small enough to allow sufﬁciently efﬁcient
emperature transduction via small resistivity changes.
Unlike the proof of concept design, the ﬁrst prototype of the
ransducer has a plug to connect to the environment. Therefore,
he ohmic inﬂuence of the plug had to be investigated. With a four
ire method each copper trace of the transducer was  measured
en times with and without the plug. Afterwards, leads were sol-
ered on and off multiple times. Table 3 summarizes the differences
etween solder and plug connections. As expected, the plugged ver-
ion does have a higher resistance value (1.2–2.7% higher than the
oldered version) but the resistance differences of the transducers
re much higher (details in Section 4.2).
.3.3. Temperature dependent resistivity
The temperature dependency of an ohmic resistance can be
xpressed by:
i(T) = R0,i(1 + ˛T), (2)
ith R0,i the measured resistances for zero temperature difference,
 the temperature coefﬁcient of resistance (˛Cu = 3862 ppm/K), and
T the temperature difference to the reference temperature of
0 = 298.15 ◦C. Therefore, a set of heating powers was  applied at the
eater and the transient response of the four resistors was recorded
imultaneously by the four multimeters. This measurement was
arried out at a ﬂuid velocity of v = 0 m/s  to verify the plausibility
f the FEM simulations and to evaluate the response times of the
ransducers.
.4. Wheatstone bridge conﬁgurationThe resistors on both sides of the heater can be connected in
 Wheatstone bridge conﬁguration. The bridge is driven by an
C voltage and the detuning is evaluated with a lock-in ampliﬁer
Standford Research Systems Model SR830 DSP). Fig. 6 depicts a
ig. 6. Lock-in measurement set-up. The transducer was  placed in the middle of
he ﬂow channel, the heater lead was supplied with a constant current. The sensing
eads form a Wheatstone bridge and are supplied with an AC sinus signal from a
aveform generator. An air ﬂow was induced with a fan and the bridge voltage was
easured with a lock-in ampliﬁer. Additionally, the waveform generator provides
 reference signal for the lock-in ampliﬁer.uators A 237 (2016) 1–8
schematic of the experimental setup and Fig. 4 shows a picture
of it. The air-ﬂow velocity was  controlled by the fan motor cur-
rent with a power supply (Hameg HMP2030). The heater copper
leads are connected also to a power supply which deﬁnes the dis-
sipated power. A Wheatstone bridge was formed with the four
resistor copper leads and supplied by a waveform generator (Agi-
lent 33220) with sinusoidal voltage. Occasionally, the bridge was
complemented by a serial resistor to decrease the current through
the bridge which minimizes the self-heating of the bridge resis-
tors (sensing leads). The bridge output terminals were connected
to the lock-in ampliﬁer input. The reference signal for the lock-in
ampliﬁer was  provided by the waveform generator. Several mea-
surements with varying heating power, ﬂow velocity and bridge
supply voltage were carried out to characterize and compare dif-
ferent transducers. The results of these experiments are presented
in Section 4.3.
4. Results
4.1. Simulation
With a transient 2D ﬁnite element model the time dependent
temperature increase at the resistor leads is evaluated. These tem-
peratures are linked to the measured resistances Ri of the fabricated
transducers, where as Eq. (2) describes the linear temperature
dependence of the resistances. In accordance to the measurements,
the resistors are treated to be connected in a Wheatstone bridge,
with the bridge voltage
UB = U0
RDIRUO − RDORUI
(RDI + RUI) (RDO + RUO)
, (3)
with U0 the applied voltage and RDI, RUI, RDO, RUO are the indi-
vidual resistors (D,U: upstream/downstream of the heater; I,O:
inner/outer). Fig. 7 compares the transient temperature derived
from simulation with measurement results when a heating power
of 100 mW is applied. The temporal evolution of the computed
voltage output of the bridge is compared to the measured results
(Fig. 8). The measurement results are obtained from the tempera-
ture dependent resistivity experiments (Sections 3.3.3 and 3.4) and
explained in detail in the next section.
4.2. Resistanceof the transducers. These measurements revealed the resistance
Fig. 7. Simulated temperature change of a single resistor compared to the measured
step  response when a heating power of 100 mW is applied.
T. Glatzl et al. / Sensors and Actuators A 237 (2016) 1–8 5
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Table 4
Transient parameters for two heating powers for the inner and outer leads of the
transducer.
Power
(mW)
Lead Delay
time, t1
(s)
Rise
time, t2
(s)
Store
time, t4
(s)
Fall
time, t5
(s)
200 Inner Left 0.4 7.9 0.4 7.8
200  Inner Right 0.3 9.3 0.3 8.9
200  Outer Left 0.7 10.5 0.6 9.3
200  Outer Right 0.6 11.9 0.5 10.1
6  Inner Left 0.1 19.5 0.1 30.1
6  Inner Right 0.1 22.4 0.1 20.6ig. 8. Comparison of the simulated and measured Wheatstone bridge response.
ifferences of the copper leads which are much higher than the
esigned ones, according to the geometry. Mean value and standard
eviation of the resistor stripes are measured for several transduc-
rs lengths and two different batches. The results are summarized
n Fig. 9 in form of the sheet resistance. The sheet resistance is
eﬁned by
s = R · w
l
,
here R is the measured resistance of the copper lead, w the width,
nd l the length of the copper lead. The ﬁrst batch revealed huge
esistance differences in the copper leads. The error propagation
f the length and width can be neglected because the deviation
f the sheet thickness is much larger. The manufacturer applied
ew technologies and variations in the reactivities of the etchant
ccurred and led to an underetching of the copper leads. During
he fabrication of the ﬁrst batch of transducers, process parameters
ere optimized. Therefore, the 2nd batch exhibits a much smaller
tandard deviation (67.33% vs. 10.67% on average).
In the next step, different powers (1–200 mW)  via a constant
urrent were applied to the heater by a power supply. One heating
p cycle is shown in Fig. 10. From these transients the parameters
elay time (t1), rise time (t2), store time (t4) and fall time (t5) are
alculated. The delay time is deﬁned as the period applying the
eating power to the point where the resistance change is 90% of the
ig. 9. Sheet resistance of different transducer batches. For each transducer length
he mean resistance and its standard deviation of the inner and outer sensing leads
ere calculated. There were 15 transducers for each length, which means 30 mea-
urements per bar.6  Outer Left 0.1 21.9 0.1 26.6
6  Outer Right 0.1 24.7 0.1 21.0
change. Rise time is from 10% to 90% of the resistance change during
heating. Store time is deﬁned as the time between heating is turned
off, and until 90% of the resistance change is reached. Accordingly,
fall time is the time in seconds from 90% to 10% of the resistance
change while cooling down. Typical results are presented in Table 4.
As expected from conjugated heat transfer, delay time and store
time raise with higher heating power and rise time and fall time
decrease due to the onset of heat convection. This determines the
dynamic behavior of the transducer at zero ﬂow and is in relation
to the simulation results.
4.3. Lock-in ampliﬁer set-up
With the aid of a lock-in ampliﬁer resistivity changes between
upstream and downstream elements were evaluated. For this pur-
pose, a Wheatstone bridge was  formed with the four sensing copper
leads and the bridge was  supplied by a sinusoidal signal with a
frequency of 5 kHz and a peak-to-peak voltage between 5 and
10 V. As expected, the bridge signal depends linearly on the bridge
supply voltage. A ohmic resistor of 1 k was inserted before the
bridge to decrease the overall current through the sensing leads.
This will decrease the self-heating of the sensing leads and there-
fore increase the performance of the sensor. Due to the resistance
mismatch of the copper leads the bridge is detuned and a signal
is measured even without any ﬂow. Therefore, an offset com-
pensation is required to measure small deviations. The lock-in
ampliﬁer has the ability to automatically offset its X (in-phase) and
Y (quadrature) outputs and so only the interesting signal changes
are measured. The corresponding measurement results are pre-
sented in Fig. 11 where after 10 s the power of the heater was
switched on and turned off after 70 s. At a heating power of 100 mW
and ﬂow velocity of 2.5 m/s  the in-phase signal (x) of the bridge
signal raises by 65 V. For each prescribed ﬂow velocity, a mean
output step was  calculated (after saturation) and plotted versus the
ﬂow velocity (Fig. 12). This represents the transduction behavior of
the sensor. Subsequently, the heating power was halved after each
measurement to ﬁnd the minimum heating power where the ﬂow
is still detectable. This series was  terminated at a heating power of
1 mW.  Below this level, the noise is too high to gain a useful signal.
The highest ﬂow sensitivity of the ﬁrst design of the transducer PCB
was found between 0.5 m/s  and 1.0 m/s.
Measurements with the second batch of transducers show the
design improvements compared to the ﬁrst transducer version.
In the initial step, the gap has been increased from 100 m to
200 m and in another design to 300 m.  These modiﬁcations
slightly change the output characteristic of the transducer in the
lower ﬂow velocity range. Another improvement was  achieved by
a perforation of the region between heater lead and sensing leads.
During the operation not only the ﬂuid but also the PCB is heated up,
which deteriorates the sensor characteristics. To reduce this para-
sitic heat conduction, holes of 0.1 mm diameter and 0.1 mm spacing
6 T. Glatzl et al. / Sensors and Actuators A 237 (2016) 1–8
Fig. 10. Resistance change at one heating up cycle. The heating power is enabled after 5 s (t0) and switched off after 30 s (t3). The two horizontal lines (red) mark the 10%
and  90% values of the resistance change. The vertical lines (green) represent the dynamic
Fig. 11. Typical transducer response at a heating power of 100 mW and a ﬂow veloc-
ity  of 2.5 m/s. The heating power pulse lasts from 10 s to 70 s. The Wheatstone bridge
is  supplied with 10 V peak-to-peak and a frequency of 5 kHz. X (blue solid) represents
the  in-phase output voltage and Y (green doted) the quadrature.
Fig. 12. Transducer output characteristic of the proof of concept design for two
different heating powers (100 mW and 25 mW). parameters: delay time (t1), rise time (t2), store time (t4) and fall time (t5).
between each other are drilled in the gap between the copper leads
of the PCB. The results of this transducers types are depicted in
Fig. 13. The transducers exhibit similar resistance values and allow
therefore easily reveal the effect of the perforation. Another com-
parison is shown in Fig. 14. The transducer design IV with a wider
gap of 300 m and holes (100 m diameter and 300 m spacing)
and transducer design V with both the wider gap and perforation
holes. Additionally, the width of the substrate was increased to the
width of the interconnection. This increased the stiffnesses of the
transducer as well as the output signal because the boundary layer
is better developed which increase the heat transfer of the ﬂuid
[30]. Table 5 summarizes the sensitivity of the various transducer
designs.
The output characteristic (  ˛ temperature difference between
up- and downstream of the heater) results primarily from two
physical effects. The ﬁrst one is the temperature ﬁeld established
by heating. The second one is the cooling effect caused by the
ﬂow velocity. Beginning from zero ﬂow, the temperature is equal
at the up- and downstream sensing leads yielding to no output
(offset compensated). Then, the increasing ﬂow velocity will cool
Fig. 13. Comparison of three transducer designs with similar resistance values at
a  heating power of 100 mW.  Design I (blue solid): without modiﬁcations. Design II
(green dashed): wider gap (between all copper meanders) of 300 m.  Design III (red
dotted): increased gap and holes (100 m diameter and 100 m spacing).
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Fig. 14. Two prototypes with different substrate widths and similar resistance val-
ues. Design IV: wider gap (300 m)  and moderate perforations (100 m diameter
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und  300 m spacing). Design V: (green dashed) has both the wider gap and a more
ense holes arrangement (100 m diameter and 100 m spacing). Additionally, the
idth of the substrate is increased to the width of the interconnection.
he upstream sensing lead more than the one placed downstream
nd this will produce a bridge voltage. This temperature difference
ncreases until a maximum (here at 0.5 m/s) is reached. Afterwards,
he temperature difference decreases slowly because the down-
tream sensing lead is also cooled through the ever-increasing ﬂow
elocity. At high velocities the output will saturate because there
ill be a spurious heat transfer through the substrate which is not
ffected by the ﬂow velocity.
. Discussion
A ﬂow transducer for heating, ventilation, and air conditioning
s presented in this work. The aim was to apply standard, low-cost
nd high-efﬁcient technologies such as those known from the fab-
ication of PCBs. These PCB technologies are especially suitable for
he calorimetric transduction and enable a ﬂexible design of the
ransducer. At ﬁrst, transient 2D ﬁnite element model simulations
ave been carried out to predict the characteristic of the trans-
ucer and to enable an optimization of the design. The investigated
esign consists of a single heater lead and four sensing leads. The
ead material is laminated copper foil on an FR-4 substrate. The
hole transducer is covered with solder blocking resist except the
oldering pads (proof-of-concept sensor) or the plug area (proto-
ype).
Prior to the actual ﬂow measurements, the transducer resistance
alues have been measured. Surprisingly, the resistance values of
he copper leads differ much more from each other than expected.
his mismatch occurs because the PCB producer implemented a
ew technology. Therefore, less reproducible under-etching is the
ain reason for this mismatch. In later fabrications runs, this mis-
atch decreased signiﬁcantly. Other pre-measurements focused
able 5
low sensitivity of the investigated designs. Under 0.4 m/s  the transduction is almost
inear and features a high sensitivity. Above 0.5 m/s  the sensitivity is much lower as
nder 0.4 m/s.
Design number Sensitivity in V/m/s
0.4 m/s  >0.5 m/s
Design I 277.51 7.65
Design II 401.21 16.80
Design III 557.13 27.10
Design IV 527.91 15.58
Design V 1871.58 51.67uators A 237 (2016) 1–8 7
on the inﬂuence of the soldering joints and the interconnection
wires. This inﬂuence is negligible and a plugable solution was found
to be nearly equivalent to the soldered interconnections.
Future work will focus on the most problematic topics to opti-
mize the transducer. The ﬁrst one is the increase of the useful
ﬂow velocity range to meet the requirements of HVAC systems
where the velocities can reach up to 10 m/s. Another problem is
the ambiguity of the transducer in different ﬂow regimes. More-
over, the regime with vanishing sensitivity has to be shifted beyond
10 m/s  which can be met  by two or more transducers with differ-
ent designs placed near to each other. The third problem is the
saturation of each design at higher velocities. To measure at this
higher velocities, another readout method seems feasible. Instead
of using Lock-In ampliﬁer methods a PI controller will regulate the
heating power to maintain a speciﬁc voltage at a constant level –
constant temperature (CT) excitation mode. This CT mode will shift
the saturation of the transducer to higher velocities and produce
a monotonically increasing signal. Therefore, an electronic circuit
with a PI controller has to be developed to measure the ﬂow veloc-
ities. Another approach is to use a thermal sigma-delta converter
[31,32] to simplify the integration with a micro controller board.
For the lock-in measurements, the four sensing leads are con-
nected to form a Wheatstone bridge. A heating up and cooling down
cycle for different velocities was  carried out and the bridge voltage
was recorded by the lock-in. The change of the bridge output volt-
age due to the heating power are plotted versus the ﬂow velocity
to get the output characteristics of the transducer. The results of
the measurement are in agreement with the corresponding sim-
ulations. After assessing ﬁrst results, several improvements to the
design have been established. The designs allowed to ﬁnd an opti-
mum design for HVAC systems. The simulations have been adjusted
with the new measurement results to allow a further optimization
of the transducer.
Power reduction and power saving are also interesting for
investigation. In HVAC systems there is no need to measure the
ﬂow velocity continuously. Therefore, an algorithm can reduce the
power consumption by measuring the ﬂow periodically, e.g. every
minute or when an external request arrives. In the mean time, the
micro controller hibernate and turn off the analog circuit to save
power.
The ﬁnal aim is the merging of the transducer, electronics and a
micro controller board and place all these subsystems on one PCB
together to create an integrated sensor system. This will shorten the
interconnections which dramatically reduces the noise and distur-
bances. Moreover, the system will be more secure, more stable and
the power consumption will decrease. If the power consumption
is low and the air ﬂow high, self-powering systems are imaginable
that harvest energy from the ﬂow to be measured. Plenty of these
sensor systems (nodes) have to be merged together to a large array
of nodes to monitor a complex HVAC system.
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